ABSTRACT
Introduction
Superoxide reductase (SOR) catalyzes the one-electron reduction of O 2
•-to H 2 O 2 providing an antioxidant defense in some anaerobic or microaerophilic bacteria: Historically, the only enzymes which were known to eliminate superoxide were superoxide distmutases (SODs) which catalyze the disproportionation of superoxide. 5 The recently discovered SOR activity involving the reduction of superoxide has changed our view of how toxic superoxide is eliminated in cells and how this activity protects the cell against oxidative stress and lethal levels of superoxide. Consequently, this new enzymatic activity has stimulated interest in the synthesis of chemical model systems in attempts to mimic the SOR reaction. [6] [7] [8] [9] SORs are a novel class of non-heme iron proteins that can be classified into one-iron proteins, which possess only the active site, and two-iron proteins which possess an additional rubredoxin-like Fe 3+ -(SCys) 4 , center for which the function and role are not known. [10] [11] [12] In the reduced state, the SOR active site consists of a non-heme Fe 2+ center in an unusual [His 4 Cys] square pyramidal pentacoordination.
The sixth coordination site of the Fe 2+ center is vacant and suggests the most obvious site for O 2
•-binding. [13] [14] [15] The SOR active site Fe 2+ center reacts specifically at nearly diffusion-controlled rates with O 2 •-according to an inner sphere mechanism. [16] [17] [18] [19] Although one or two reaction intermediates have been proposed depending on the enzyme studied, it is now generally accepted that these intermediate species are Fe 3+ -peroxo species. 16, [19] [20] [21] [22] For the Desulfoarculus baarsii enzyme, the reaction mechanism was proposed to involve formation of two intermediates. 16, 19 The first one, a proposed Fe -hydroperoxo species would allow the release of the reaction product H 2 O 2 . 19 Although the donor of this second protonation event is not known yet, it was proposed to be associated with the presence of a protonated base BH at the SOR active site. 19 Finally, the resulting Fe baarsii). 14, 23, 24 A recent investigation of pH effects on the D. baarsii SOR active site revealed that the redox midpoint potential and absorption spectrum of the oxidized active site both exhibit similar pH transitions. 19 The active site absorption band at 644 nm, which arises from a CysS → high spin Fe 3+ charge transfer (CT) transition, 24 shifted to 560 nm as pH increases, with an observed pK a of 9.0. 19 
, reduction of the iron active site involves both one proton and one electron, and hence the redox potential is pH dependent. 19 When the base is in its protonated form (BH), the reduction of the active site involves only one electron and the redox potential is pH independent. 19 The presence of a base, responsible for a similar spectroscopic alkaline transition, has also been described for the SORs from P. furiosus and D. gigas. 25, 26 However, in no case has this base been identified. 19, 25, 26 For the case of the P. furiosus SOR, resonance Raman (RR) experiments at different pH values were inconclusive concerning the origin of the alkaline transition and provided no evidence for the formation of a ligand trans to the cysteine residue at high pH. 25 Finally, the base was shown to be influenced by the two closest charged residues to the active site, E47 and K48, as the mutation of these two residues (E47A and K48I) modified the pK a value of the pH transition described above to 6.7 and 7.6, respectively.
19
These two residues are conserved among SORs and are proposed to play essential roles in SOR activity. This has been clearly demonstrated for the lysine residue, which plays an important role for electrostatic attraction of superoxide. 16, 19 was rejected with a holographic notch filter (Kaiser Optical). Spectra were calibrated using the exciting laser line, along with the SO 4 2-(983 cm -1 ) and ice (230 cm -1 ) Raman bands from a frozen aqueous sodium sulphate solution. Spectral resolution was < 3 cm -1 (entrance slits at 100 µm). Frequency accuracy was ± 1 cm -1 and frequency repeatability was 1 pixel (resolution < 2 pixels) for the spectrograph. Reported spectra were the result of the averaging of 40 single spectra recorded with 30 seconds of CCD exposure time; no spectral smoothing was performed. The reproducibility of the reported Raman frequencies was determined to be ± 1 cm -1 . Verification of small frequency differences of 2 cm -1 of homologous bands originating from two different samples was established by recording, during the same day, the spectra of the two different samples deposited on the same sample holder under the same spectroscopic/geometric conditions. Baseline corrections were performed using GRAMS 32 software (Galactic Industries). In all reported spectra, the Raman contributions from ice have been subtracted using the GRAMS 32 software.
Results and Discussion
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The SOR from Desulfoarculus baarsii possesses two non-heme iron binding sites. 2, 15 For the "asisolated" protein, the active site iron center is in the reduced Fe 2+ state and exhibits no electronic absorption bands in the 500-800 nm region. The other iron site, the rubredoxin-like non-heme site not participating in SOR chemistry, is in the oxidized Fe 3+ state and exhibits an electronic absorption band at ca. 500 nm arising from S → Fe 3+ charge transfer bands from that iron center. 2 After treating the "asisolated" SOR with a non-complexing oxidant such as K 2 IrCl 6 , the active site iron becomes oxidized and exhibits an absorption band at ca. 650 nm at pH 7.5. 19, 24 This absorption band is due to a S → Fe 3+ charge transfer band of the active site. 24 Therefore, the resonance Raman spectra of the fully oxidized D.
baarsii SOR (i.e. both iron centers in the Fe 3+ redox state) excited using a 647.1 nm excitation, will exhibit predominant resonant contributions from the oxidized active site Fe 8
The RR spectra of several SOR active sites have been reported and the various RR bands have been tentatively assigned based on global S-and N-labelling of the proteins. 25, 27 The RR spectrum of the oxidized active site of the SOR from D. baarsii exhibits bands (Figure 1 ) similar to those described for P. furiosus and D. vulgaris Hildenborough. 25, 27 In the low frequency region, the prominent bands at 299, 316, and 232 are due to coupled Fe-S stretching and bending modes, while the band at ca. 742 cm -1 is predominantly due to the C-S stretching mode of the cysteine ligand (Figure 1) . Figure 2A shows the RR spectrum of the oxidized active site of the D. baarsii WT SOR at pH 8.5
and at pH 10 where the absorption band shifts from 644 nm to 560 nm, respectively ( Figure 2B) . At pH 10, the high spin Fe 3+ EPR spectrum of the active site exhibits modifications. 19 Comparison of these two RR spectra (Figures 2A,a Intensity (a.u.)
Raman shift (cm While the new 466 cm -1 RR band is distinctly observed for the WT at pH values greater than 8.5, the corresponding new band is seen to appear at lower pH values for the K48I and E47A variants ( Figure   2 ). These observations are consistent with the reported apparent pK a values of the alkaline optical transitions of these SOR proteins (pK a = 9.0, 7.6, and 6.7 for WT, K48I, and E47A, respectively). 19 The appearance of the 466-471 cm -1 band for the D. baarsii WT, K48I and E47A SORs is completely pH-reversible for all three cases. The isotopic shift of -15 cm -1 is seen in Figure 2C as illustrated by the K48I variant at pH 8.5, but is also seen for WT and E47A (data not shown). This clearly indicates that an oxygen atom from the solvent is coordinated to the ferric site. When a 2 H 2 O buffer is used, the 471 cm -1 band downshifts by 6 cm -1 to 465 cm -1 indicating that the ligand possesses an easily exchangeable proton ( Figure 2C,c) The identification here of a high-spin Fe
3+
-OH species is also totally consistent with the reported pHinduced spectral and redox changes of SOR active site. 19 In fact, the observed lowering of the redox midpoint potential of the SOR active site at basic pH 19 is consistent with the addition of the negatively With respect to the E47A variant, the Fe-OH stretching frequency is almost identical to that of the WT. As underlined above, a similar polarized H-bond network involving the HO -ligand and the K48 residue would be also present for the case of the E47A variant. In the WT, below pH 9.0, the sixth coordination site is occupied by the E47 residue. 23 As shown here, pH values above 9.0 are required for the HO -ligand to displace E47 as sixth ligand in WT. Then, mutation of the E47 residue is expected to favor binding of the OH -group at more acidic pH, hence decreasing the pK a of the transition.
A Fe
-OH species has been implicated in the activity of superoxide dismutase but has never been unambiguously spectroscopically identified 34 and for the first time here is observed for SOR. Curiously, although a similar alkaline optical transition has been observed for the SOR from P. furiosus, 25 baarsii E47A variant) at pH 5 and pH 9 between which the alkaline transition for this SOR occurs 35 .
The WT SOR from T. pallidum also exhibits an alkaline optical transition from 650 to 560 nm above pH 8.5 and like the D. baarsii E47A SOR, 19, 35 the E48A mutation in T. pallidum results in a decrease of the pK a of the optical alkaline transition to a value of 6.0. 35 The pH dependent RR spectra of the T.
pallidum E48A variant are shown in Figure 6 . For T. pallidum, we observed a very weak 473 cm Implications for SOR mechanism.
In a previous paper, we proposed that the protonated form (BH) of the base (B -) responsible for the optical absorption and redox alkaline transitions could be involved in the second protonation process during the SOR catalytic cycle. 19 In that work, it was demonstrated that neither the conserved Glu47 and 
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In fact, the acidity of the water molecule would be increased because of the direct or indirect H-bond interaction associated with lysine 48. 
